Mutation detection plays a key role in the diagnosis, treatment, and prognosis assessment of cancer patients (1 ) . Methods used for mutation detection include sequencing (2, 3 ) , RFLP analysis (4 ), MALDI-TOF analysis (5 ), denaturing HPLC/Surveyor™ (6, 7 ) , ligationmediated PCR (8 ) , high-resolution melting (9, 10 ) , peptide nucleic acid (PNA) 3 -locked nucleic acids (11 ) , antiprimer quenching real-time PCR (12, 13 ) , Scorpion primers (14 ) , molecular beacons, and methods based on TaqMan® probes (Applied Biosystems) (15, 16 ) . Because of its simplicity and speed, TaqMan genotyping is frequently used as an end-point approach (17 ) . The reaction consists of 2 primers and 2 probes that match to either the wild-type or mutant allele. The polymorphic nucleotide is usually designed to be in the middle third of the probe, which is labeled with a reporter molecule at the 5Ј end and with a nonfluorescent quencher at the 3Ј end. Modifications of the TaqMan probe with minor-groove binders (MGBs) (18 ) or locked nucleic acids (19 ) increase the probe's T m (temperature at which 50% of the probe is denatured from the template) to allow the design of shorter probes and better discrimination between mutant and wild-type alleles. The selectivity limit of TaqMan genotyping is the detection of mutant alleles present at an abundance of approximately 10%-20% of that of the wild-type allele (17, 20 ) . Because the frequencies of somatic mutations can often be lower (6, 21 ) , this limit poses problems for the use of TaqMan genotyping in screening for somatic mutations in tumor surgical samples or bodily fluids that are often contaminated with wild-type alleles.
We recently described a new form of PCR, coamplification at lower denaturation temperature-PCR (COLD-PCR), which preferentially enriches "minority alleles" from mixtures of wild-type and mutationcontaining sequences, irrespective of where a mutation lies in the sequence (22 ) . COLD-PCR is based on the observations that (a) for each DNA sequence there is a critical denaturation temperature (T c ) that is lower than the T m of the target sequence and below which PCR efficiency drops abruptly, and (b) T c is dependent on the DNA sequence. DNA amplicons differing by a single nucleotide have substantially different and reproducible amplification efficiencies when the PCR denaturation temperature is set to the T c . These features are exploited during PCR amplification to selectively enrich minority alleles that differ by one or more nucleotides at any position in a given sequence. Consequently, COLD-PCR amplification of genomic DNA yields PCR products that contain high percentages of variant alleles, thus permitting their detection. We have demonstrated that COLD-PCR improves the selectivity of RFLP analysis, denaturing HPLC/Surveyor, Sanger sequencing, pyrosequencing, and MALDI-TOF-based mutation detection by one to two orders of magnitude (22 ) . We demonstrate that combining COLD-PCR with the TaqMan genotyping method provides a major improvement in the latter's ability to quantitatively detect low-level somatic mutations in tumor samples in a real-time format.
Materials and Methods

SOURCE OF GENOMIC DNA
Reference human male genomic DNA was purchased from Promega and used as wild-type DNA in dilution experiments with mutation-containing DNA. Genomic DNA from SW480 and 4 lung adenocarcinoma cell lines (H1975, H820, PC9GR, and H3255GR) were purchased from the ATCC. The H3255GR cell line was developed by exposing H3255 cells to serially increasing concentrations of gefitinib for 6 months until the cells were able to proliferate in 100 nmol/L gefitinib with growth kinetics similar to those of untreated cells (23 ) . Similarly, the PC9GR cell line was derived by gefitinib treatment of PC9 cells (24 ) . Snap-frozen colon tumor samples were obtained from the Massachusetts General Hospital Tumor Bank following Internal Review Board approval. DNA was extracted from cell lines and tumor samples with the QIAquick™ PCR Purification Kit (Qiagen). Primers were synthesized by Integrated DNA Technologies.
SINGLE-ROUND COLD-PCR/TaqMan GENOTYPING
COLD-PCR/TaqMan real-time genotyping for the T790M mutation encoded by EGFR exon 20 . See (25, 26 ) for further details. Real-time PCR reactions were performed directly with 70 ng genomic DNA in the presence of 0.2 mol/L regular TaqMan probe (5Ј-6-FAM-CAT GAG CTG CAT GAT GAG CTG-BHQ-1-3Ј) or 0.1 mol/L MGB TaqMan probe (5Ј-6-FAM-TGA GCT GCA TGA TGA GC-MGBNFQ-3Ј) that fully matches the mutation-containing sequence on DNA from H1975 cells that encodes the T790M mutation (mutation is underlined). The final concentrations of the other reagents were as follows: 1ϫ GoTaq Flexi Buffer (Promega), 1ϫ GoTaq Flexi DNA Polymerase (Promega), 0.2 mmol/L of each deoxynucleoside triphosphate, 0.2 mol/L forward primer (5Ј-TGATGGCCAGCGTGGAC-3Ј), 0.2 mol/L reverse primer (5Ј-CAGGAGGCAGCCGAAGG-3Ј), and 2.5 mmol/L MgCl 2 . The size of the PCR amplicon is 104 bp. Fast COLD-PCR cycling was performed on a Cepheid machine as follows: 95°C for 120 s; 20 cycles of 95°C for 15 s and 60°C (fluorescence reading on) for 30 s; and 30 cycles of 88°C for 15 s and 60°C (fluorescence reading on) for 30 s. The 88°C T c for this amplicon was determined experimentally, as described previously (22 ) . In brief, a set of PCR reactions were performed at gradually decreasing denaturation temperatures (0.3°C steps starting from the T m ), and the lowest denaturation temperature that reproducibly yielded a PCR product was chosen.
Quantification of T790M mutations in lung adenocarcinoma cell lines with COLD-PCR/TaqMan genotyping.
We first used regular PCR with an intercalating dye on a 104-bp EGFR 4 [epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene homolog, avian)] amplicon to quantify the copy number of EGFR exon 20; the PCR was carried out independent of the presence or absence of a mutation. We used 0.1ϫ LCGreen dye (Idaho Technology) in this reaction without a TaqMan probe. The PCR cycling conditions were 95°C for 120 s, and 40 cycles of 95°C for 15 s and 60°C (fluorescence reading on) for 60 s. We also used serial dilutions of known concentrations of reference DNA as a calibration reference to quantify the copy numbers of DNA from non-small-cell lung cancer (NSCLC) cell lines.
After determining EGFR allele copy numbers, we tested cell line DNA containing equivalent numbers of EGFR exon 20 copies with COLD-PCR/TaqMan genotyping to quantify the relative amounts of T790M mutations. Our assessment of the amount of mutant T790M allele as a percentage of the wild-type allele with COLD-PCR/TaqMan genotyping was based on a calibration curve of serial dilutions of known amounts of mutation-containing DNA added to wild-type DNA. 
COLD-PCR/TaqMan real-time genotyping
TWO-ROUND COLD-PCR/TaqMan GENOTYPING FOR T790M MUTATIONS IN EGFR EXON 20
To examine whether a second round of COLD-PCR increases the overall selectivity of the method, we performed a nested second round of COLD-PCR/TaqMan genotyping after completing the first round. After performing the first PCR round with a 104-bp PCR amplicon as described above, we carried out a nested PCR with a 10 000 -fold dilution of the first PCR product, a nested forward primer (5Ј-CTGGGCATCTGC CTCA-3Ј; amplicon size, 67 bp; T c , 83.5°C, defined experimentally as described above), and the same reverse primer used in the first PCR. The fast COLD-PCR cycling conditions were as follows: 95°C for 120 s; 5 cycles of 95°C for 15 s and 60°C (fluorescence reading on) for 30 s; and 35 cycles of 83.5°C for 15 s and 60°C (fluorescence reading on) for 30 s. COLD-PCR/TaqMan genotyping experiments were repeated independently at least 5 times. COLD-PCR/TaqMan genotyping is a 2-step amplification that uses denaturation at a T c and annealing/extension at a single temperature. A TaqMan probe with a centrally located nucleotide matching the mutation is used for real-time detection. WT, wild type; MUT, mutant.
Results
PRINCIPLE OF COLD-PCR/TaqMan GENOTYPING
COLD-PCR can be carried out in 2 formats, full COLD-PCR and fast COLD-PCR, depending on whether it is necessary to detect all mutations comprehensively or to detect specific T m -reducing mutations in a rapid and highly selective fashion (22 ) . The combination of full COLD-PCR with TaqMan genotyping can be applied for T m -increasing mutations such as A:TϾG:C or T:AϾG:C or for T m -decreasing mutations; however, the T m of a DNA sequence is reduced for the great majority of mutations encountered in cancer samples (28 ) , including the T790M mutation (i.e., CϾT, EGFR exon 20) and the codon 273 mutation (GϾA, TP53 exon 8) examined in this investigation. In view of the simplicity, speed, and high mutation enrichment achieved via fast COLD-PCR, we focused on developing the combination of fast COLD-PCR with TaqMan genotyping to detect T m -reducing mutations.
Because the present application is aimed at detecting low-level mutant alleles, the COLD-PCR/TaqMan reaction uses a single TaqMan probe specific for the mutant allele, in which the mutation is placed approximately in the middle of the probe (i.e., there is no need for a second TaqMan probe to detect the wild-type allele, as in conventional TaqMan genotyping). The cycling program includes approximately 20 -25 regular PCR cycles to build-up the PCR product, followed by a switch to a 2-step PCR consisting of denaturing at T c and then lowering to a single temperature for both primer annealing and extension (Fig. 1) . At the T c , the majority of the wild-type amplicons remain doublestranded; however, mutant amplicons are largely denatured at the T c and function as template for primer and probe binding. Lowering the temperature from the T c to the annealing and extension temperature allows the probe to bind with the complementary mutant strand. Accordingly, COLD-PCR not only enriches the mutant but also reduces the chance that the probe will mismatch-bind to the wild-type strand by keeping the wild type double-stranded. During the annealing and extension step, the 5Ј33Ј exonuclease activity of Taq polymerase digests the probe to release the reporter from the quencher, allowing the fluorescence signal to be read at this step (29 ) . The presence and quantity of mutations are detected by recording the threshold cycle of the real-time reaction relative to that of reference samples containing known amounts of the same mutation. (Fig. 2A) ; in contrast, COLD-PCR improves the selectivity to 0.8% (Fig. 2B ). Next, we tested whether COLD-PCR/TaqMan genotyping of EGFR exon 20 encoding the T790M variant can quantify the low population of T790M mutations in NSCLC cell lines. Because the EGFR gene is frequently amplified in NSCLC cells, the potential variation in copy 
Real-Time COLD-PCR
number for EGFR exon 20 needs to be considered before T790M quantification. We applied regular PCR in the presence of the LCGreen dye to quantify the copy numbers for the 3 NSCLC lines (H820, H3255GR, and PC9GR; Fig. 3, A and B) . H3255GR exhibits 16-fold amplification, and H820 and PC9GR exhibit 4-fold amplification. On the basis of this quantification, we diluted the genomic DNA from these 3 cell lines to obtain equal copy numbers of exon 20 and tested for T790M mutants and known dilutions of T790M mutants added to wild-type DNA (Fig. 3, C and D) . The percentage of T790M was calculated by interpolation to be 5% for H820, 2.85% for H3255GR, and 0.4% for PC9GR. Fig. 4 , A and B, presents the results of applying real-time COLD-PCR to TaqMan genotyping of the hot-spot mutations in codon 273 of TP53 exon 8. Whereas the limit of selectivity for regular PCR/TaqMan genotyping is about 10% mutant allele, COLD-PCR/TaqMan genotyping can detect as little as 0.33% mutant alleles among wild-type alleles, an improvement of approximately 30-fold. Examination of 4 colon cancer samples, one of which (CT20) is known to contain a codon 273 GϾA mutation at a low level (approximately 5%) (6, 7 ) , with COLD-PCR/TaqMan genotyping clearly identified the mutation-containing sample, but regular PCR/TaqMan genotyping did not (Fig. 4, C  and D) . Thus, our data demonstrate that COLD-PCR improves TaqMan-genotyping selectivity by 15-to 30-fold.
To understand further the improvement in mutation selectivity produced by the application of COLD-PCR, we subjected the PCR product used in TaqMan genotyping of the T790 EGFR exon 20 mutation to an RFLP assay with a restriction enzyme, NlaIII, that selectively recognizes mutation-containing DNA. The digested products were then examined via denaturing HPLC, as reported previously (22 ) . For comparison to COLD-PCR/TaqMan genotyping, we conducted identical experiments after regular PCR/TaqMan genotyping. Fig. 5 demonstrates that the product produced by regular PCR/TaqMan genotyping and digested with NlaIII barely shows the mutant peak (12% mutant relative to wild type), in agreement with the real-time PCR results (Fig. 2) . In contrast, NlaIII-digested products produced by COLD-PCR/TaqMan genotyping depict mutant peaks down to 0.8% mutant alleles. The data in Fig. 5 are additional verification that the im- proved real-time PCR quantification of T790M mutations indeed reflects the anticipated mutation-specific products and not false-positive signals.
FURTHER IMPROVEMENT OF TaqMan GENOTYPING VIA 2 ROUNDS OF COLD-PCR AMPLIFICATION
Given that a single round of COLD-PCR/TaqMan genotyping can detect as little as 0.8% mutant alleles, we tested whether nested COLD-PCR/TaqMan genotyping can further improve the selectivity of T790M mutant detection. The nested PCR generates a 67-bp product from EGFR exon 20. When applied directly to genomic DNA (i.e., not in a nested format), COLD-PCR/TaqMan genotyping of the 67-bp region had a selectivity of approximately 0.8% T790M mutant alleles (see Fig. 1 in the Data Supplement that accompanies the online version of this article at http://www. clinchem.org/content/vol55/issue4). When 2 COLD-PCR TaqMan reactions are applied in series (the first COLD-PCR for a 104-bp amplicon and the second a nested PCR for the 67-bp amplicon), the combined selectivity for T790M detection is far superior to the selectivity of a single reaction. Fig. 6A shows that a single round of COLD-PCR/TaqMan genotyping fails to detect 0.1% T790M mutant alleles. In contrast, 2 rounds of COLD-PCR/TaqMan genotyping improved the selectivity to better than 0.05% mutant alleles, whereas 11 replicates of the wild-type DNA remained at the baseline. Thus, 2 rounds of COLD-PCR combined with TaqMan genotyping improve the mutation detection over that obtained with a single round.
Discussion
We have described COLD-PCR/TaqMan genotyping, a real-time mutation-detection methodology that combines COLD-PCR and TaqMan genotyping for detecting the EGFR-encoded T790M mutant and TP53 codon 273 mutations in serial dilutions of mutant DNA, in cell lines, and in biological samples. The clinical relevance of these mutations is well established. T790M, an acquired mutation in the EGFR protein that renders NSCLC patients resistant to gefitinib or erlotinib, is found in approximately 50% of tumors from patients who have acquired DNA from the H1975 cell line DNA serially diluted into wild-type (WT) DNA were screened for the T790M mutation with regular PCR/TaqMan genotyping and with COLD-PCR/TaqMan genotyping. The PCR product was digested with NlaIII, and the digest products were separated by denaturing HPLC to discriminate the mutant peak from the wild-type peak.
resistance to these kinase inhibitors (32 ) . The presence of hot-spot mutation at codon 273 of TP53 is a factor for a poor prognosis in NSCLC patients (27 ) . The new method is based on the ability of fast COLD-PCR to enrich T mreducing mutations and the ability of the TaqMan probe to detect mutations in a real-time, quantitative format. Consequently, a single round of COLD-PCR/TaqMan genotyping quantitatively detects as little as 0.8% mutant alleles with a 15-to 30-fold better selectivity than regular PCR/TaqMan genotyping. The addition of a second round of COLD-PCR/TaqMan genotyping further improves the selectivity and reproducibly identifies 1 mutant allele among 2000 wild-type alleles. Alternative TaqMan-based approaches that detect low amounts of mutant alleles have been described. Allele-specific PCR-based TaqMan genotyping, Taq-MAMA, uses a mutant-matched nucleotide at the 3Ј end of a primer and a penultimate 3Ј mismatch to achieve specific allele discrimination in the PCR (33 ); however, the optimization of TaqMAMA conditions can be tedious (33 ) . PNA-based TaqMan genotyping uses a PNA to inhibit wild-type DNA and a mutant-specific TaqMan probe to detect mutations (34 ) . The necessity to define experimental conditions such as probe concentration while retaining not only the compatibility between the PNA probe and the TaqMan probe but also the ability of the PNA to inhibit the wild type increases the complexity of assay development. Scorpion assays (35 ) provide a good alternative to TaqMan genotyping in that the probe and primer are combined on a single oligonucleotide. DxS Ltd. offers a commercially available combination of Scorpion and ARMS® (amplification refractory mutation system) technologies that can detect low-level mutations such as T790M in EGFR with a sensitivity similar to that of the single-round COLD-PCR/TaqMan assay; however, the Scorpion assay is relatively more complex, expensive, and slow (1 h for the COLD-PCR/Taqman assay vs 2-3 h for the Scorpion assay) (35 ) . COLD-PCR achieves realtime mutation detection without tedious optimization or the use of costly PNA probes or Scorpion primers, because COLD-PCR/TaqMan genotyping uses only temperature to inhibit amplification of the wild type. Another potential advantage of the COLD-PCR/TaqMan approach is in the multiplex detection of mutations. Multiplexing would be more difficult to achieve with combinations of PNA and TaqMan probes because of the number of oligonucleotides used in the reaction. In summary, without relying on special probes and reagents, COLD-PCR/TaqMan genotyping is simple, fast, easy to use, and low in cost compared with other TaqMan-based mutation-detection methods. The major improvement in selectivity obtained with COLD-PCR enables the popular TaqMan genotyping method to become a powerful tool for detecting lowlevel mutations in clinical samples.
